Tunnelling under the York University Schulich Building was one of the milestones of the 15 Toronto-York Spadina Subway Extension (TYSSE) Project. The challenge was to bore the tunnel 16 under a flagship building only one diameter below the foundation without a compensation 17 grouting process. Intensive finite element structural and geotechnical analyses of the building 18 and the tunnel were performed, together with monitoring field measurements. The results 19
1.

Introduction 25 26
Tunnelling under existing structures is a challenge that engineers often face in urban 27 underground projects. Therefore, great efforts were devoted in the past to predict the impact 28 of tunnelling on existing buildings, in order to anticipate any potential damage (Attewell et al. 29 1986; Lee et al. 1992a,b; Mair and Taylor 1997; Burland et al. 2001; Melis et al. 2002; Viggiani 30 and Soccodato 2004; among others). The impact of tunnelling could be significant when 31 sensitive buildings are affected (Boscardin and Cording 1989; Bilotta et al. 2017; Ledesma and 32 Alonso 2017) . Even in cases where there are no existing structures, predicting greenfield 33 settlements is a difficult task due to geotechnical uncertainties and difficulties in simulating 34 tunnelling operations. In fact, any ground excavation involves a stress release, and therefore, a 35
proper analysis requires a good knowledge of the soil initial stress state and the constitutive 36 soil behaviour for accurately studying the impact of unloading-reloading processes. 37
Furthermore, there is increasing evidence that tunnel-building interaction may be significant in 38 some cases and thus, building stiffness should be taken into account when analyzing the 39 impact of tunnelling on existing structures (Potts and Addenbrooke 1997; Dimmock and Mair 40 2008) . However, the analysis of this type of "coupled interaction" is a difficult and time 41 consuming task. For this reason, most analyses are performed in a conservative two-step 42 process which consists of computing the tunnelling displacements first and then applying these 43 to the structural model of the building. 44
This paper studies a real case involving tunnelling beneath an existing building for which 45 compensation grouting (Mair 2008) was proposed in the project. Deciding whether 46 compensation grouting is required is usually quite difficult. That decision should be based on 47 and error procedure was used to estimate the best values of volume loss and Ko. A reasonable 146 match between measured and calculated responses was obtained with a volume loss of 0.25% 147 and a Ko coefficient of 1.50. These values were assumed in the subsequent finite element 148 simulations. 149
a. Schulich Building Geotechnical Model 150
Once the volume loss and Ko were calibrated by using measurements from monitoring arrays 151 32 and 33a, a geotechnical model for the Schulich Building foundation was performed. 152
Rather than using a 3D model for the foundation, it was decided to consider a simpler 2D plane 153 strain geomechanical model to keep all analyses within a reasonable timeframe. However, a 154 3D model was developed for the structural analysis of the building due to its complex 155
geometry. 156
The following aspects were taken into account in the geomechanical model: 157 Five cross sections labelled as 1, 1', 2, 2' and 2'' were modelled. As shown in ¡Error! No se 167 encuentra el origen de la referencia., cross sections 1 and 1' are related to Schulich Building´s 168 East Wing and cross sections 2, 2' and 2'' are for the North Wing. 169
Cross sections 1 and 2 have different geotechnical profiles. Sections 1', 2' and 2'', only differ 170 from sections 1 and 2 respectively in foundation geometry and loads. The geometries of cross 171 sections 1 and 2 are shown in ¡Error! No se encuentra el origen de la referencia. and ¡Error! 172
No se encuentra el origen de la referencia.. 173
The geotechnical profile and the soil constitutive parameters were estimated from boreholes 174 in the York University Station area using a similar procedure to that adopted for the analysis of 175 arrays 32&33a. Table 2 shows the HSS mechanical constitutive parameters adopted in the 176 analyses. The parameters are slightly different to the ones obtained from the analysis of 177 arrays 32&33a because of the different properties measured during the soil investigation of 178 this site. However, Ko parameter and the volume loss of the EPB machine were assumed to 179 have the same values obtained from the back analysis of the measurements at arrays 32&33a. 180
The interface between each two segments of tunnel lining was modelled as a plastic hinge 181 with a rotation stiffness based on Blom (2002) formulation and the results of the back-analysis 182 of measurements performed for the Jubilee Line tunnels in London (de Santos et al. 2011) . 183
Vertical loads acting on each foundation were obtained from the Seymour Schulich Building 184 structural model, as explained in section 3.2. 185
The actual foundation footings are either square or rectangular. A proper 2D plane strain 186 model has to take into account the different stress distribution produced by a strip load (the 187 only type that can be modelled in 2D) to that of the actual rectangular load distribution in a 188 geological medium. This is achieved using Jurgesson (1934) and Holl (1940) In all the basic cases, the modelled pre-and during tunnel construction stages were: 198 Section. ¡Error! No se encuentra el origen de la referencia. shows the computed settlements 211 for the cross section 2 in the basic case. The settlement profiles depicted in ¡Error! No seencuentra el origen de la referencia. were considered as "design profiles" for damage 213 assessment of the Schulich Building, with a maximum estimated value of 6 mm. 214
For comparison purposes, a simulation without the building was also carried out. Two 215 different geomechanical models without building were analyzed for cross section 2: 216  Original profile case: Total overburden is considered (original natural profile). 217  Minimum overburden case: An excavation up to lower foundation level is considered. 218
The results for these two hypothetical cases as compared to the results of the base case, are 219 useful for assessing the relative importance of foundation loads and overburden on the 220 settlements. Note that soil stiffness in the HSS model depends on confinement, and therefore, 221 on the stress history of the soil. Figure 8 shows the computed settlements for these cases. A complete three-dimensional elastic finite element model was developed for the building. 234
The model included foundations, supports, walls and slabs. 235
The geometry of the building and the cross sections of the structural elements were obtained 236 from the building design drawings. The self-weight was estimated directly from the geometry. 237
Other permanent loads were assumed to add up to 25% of the self-weight, which is a 238 conservative value. 239
It is widely accepted that small settlements do not have any significant influence on the failure 240 potential of concrete structures because extensive cracking eliminates bending moments 241 produced by settlements. Thus, the ultimate limit state was not considered in this analysis. 242
Settlements may produce concrete cracking and displacements that could be detrimental to 243 the proper functioning of windows and doors, or attachment of façade elements. Therefore, 244 the aim of this calculation was to obtain the displacements and stresses due to settlements 245 produced by tunnelling and compare them with those obtained from dead loads alone. In this 246 analysis, the effects of the live loads were neglected, as this assumption would lead to 247 conservative results. 248 ¡Error! No se encuentra el origen de la referencia. shows the geometry of the model, which 249 included the North and the East wings. Continuity boundary conditions were imposed on the 250 slabs to model the connection to other parts of the building which were not included in the 251 model. 252
a. Dead Load Results 253
When the dead load was applied, it was assumed that no settlements of the building were 254 produced. Therefore, all the footings and the walls on the perimeter were supposed to be 255 fixed. This is a conservative assumption because extensive cracking was observed on the 256 foundation walls before tunnelling. Thus, as expected, settlements had already occurred due 257 to the dead load alone. The settlements obtained from the 2D geotechnical model were imposed on the 3D structural 265 model using an approach that required several assumptions. 266
Basically, similar footings with the same distance to the tunnel axis were assumed to have the 267 same settlement, taking into account their location on the Northbound or the Southbound. 268
The maximum computed settlement was 7 mm under the East wing core, where the stairs are 269 located. The maximum computed settlement in the North wing was 5.5 mm in the footings 270 over the tunnels. 271 ¡Error! No se encuentra el origen de la referencia. shows the displacements on the structure 272 due to the computed settlements produced by tunnel boring. Maximum displacements are 273 about 5 mm under the North wing and 6 mm under the East wing. Therefore, displacements 274 are less than 1/3 of those due to dead load, even though the last ones are underestimated by 275 assuming fixed walls and footings when the dead load is applied. 276
c. North wall/North Wing Results
278
Only the computed results corresponding to the North wall of the basement of the North wing 279 are discussed in this paper, because of the length limit. The North wall is at the basement level 280
and it is a 25 MPa concrete wall, 350 mm thick. It is the most sensitive element to settlements 281 because of its large stiffness on the wall plane. 282
Because of the no-settlement hypothesis for dead load, vertical foundation displacements are 283 zero for that case. Therefore, the maximum normal stresses are very low, as shown in ¡Error! 284
No se encuentra el origen de la referencia.. Obviously, most of the wall is in compression and 285 some tension stresses appear only in the connection with the porch and the ground level slab. 286
Tangential stresses are also very small for the same reason. Nevertheless, this wall was 287 extensively cracked before tunnelling, as observed and mapped. That is, settlements were 288 already produced after completion of the building. The most relevant measurements were related to soil movements. In general, MPBX surface 313 topographic levelling showed settlements smaller than 10 mm, as can be observed in ¡Error! 314
No se encuentra el origen de la referencia.. 315 A numerical calibration process was carried out to assess the EPB performance parameters 316 (face volume loss) that governed during the EPB tunnelling process along the York University 317
Station trial monitoring area. Some relevant geomechanical parameters that strongly 318 controlled settlement trough, such as lateral earth pressure coefficient, were also estimated. ). An increase of the recorded settlements with time was noticed, due to 332 consolidation, after the face excavation of the section. Therefore, it can be stated that 333 measurements generally confirmed both the EPB performance and the geotechnical 334 parameters considered in the initial analyses. 335
All analyses lead to the conclusion that it was possible to tunnel under the building without 336 compensation grouting and no structural effects on the building were expected. Nevertheless, 337 when this conclusion was stated, horizontal drilling activities from compensation shafts 2 and 3 338 had already started encountering major difficulties when preventing waterjets and sand 339 erosion. 340 341
Schulich Building Monitoring Layout 342
Any urban underground project must be closely monitored. In this case, monitoring was 343 essential and the results were very useful to confirm the methodology adopted for the analysis 344 and to assess the integrity of the building itself. 345
The overall system included geotechnical instrumentation in the surroundings of the Schulich 346
Building, geotechnical and structural monitoring installed inside the building and monitoring of 347 the EPB working parameters. Another problem related to liquid levels arrays is that some of these showed a tendency to 375 drift up for no apparent reason. That effect was also corrected.
Those problems did not arise with precise levelling data. ¡Error! No se encuentra el origen de 377 la referencia. shows the results. 378
As a result, it can be stated that tunnelling under the building produced negligible structural 379 effects. In addition, no long-term settlements were observed. 380
The lack of consolidation settlements is especially evident from vibrating wire piezometers 381 data analysis. Upper Granular readings showed a sharp increase of water pressure when each 382 EPB started the boring process, as shown in ¡Error! No se encuentra el origen de la 383
referencia.. 384
It has to be noted that cutter head was placed at Upper Granular level and that face pressure 385 produced a water pressure increase of about 60 kPa (about 26% of prescribed face pressure). 386
As shown also in ¡Error! No se encuentra el origen de la referencia., pore pressure dissipation 387 took place after each EPB start. 388
In addition, the lack of long-term settlements shows that geotechnical units present in Schulich 389
Building area had a high stiffness when consolidation took place. 390
It was finally confirmed that compensation grouting was not required because the EPB 391 operation was quite regular and recorded movements that were very small in agreement with 392 the geomechanical model predictions. Finally, the correct operation of the EPB was verified 393 and there were no unexpected incidents during tunnelling. No new cracks or crack width 394 openings were reported in the Schulich building. 395
c. Comparison with Geotechnical Modelling 396
The calculated settlements obtained from the analysis were larger than the ones that actually 397 took place during tunneling, even though those predictions did not produce relevant structural 398 effects on the Schulich Building. Some of the reasons that may explain this fact are: 
